In this paper the equilibrium properties of the proline catalyzed aldol reaction was studied. The use of wellestablished methodologies, like reaction progress kinetic analysis and linear free energy relationship analysis, led to the quantification of the reaction reversibility and to its correlation with the substrate electronic activation. Due to these experimental observations, common computational approaches based on a one way transition state analysis become unsuitable. Therefore, a computational model based on the integration of a system of kinetic differential equations associated to the multiple equilibrium reactions was proposed. Such a model was found to successfully rationalize the chemical and stereochemical outcomes of this paradigmatic reaction for the first time.
Introduction
Aer the pioneering works by List and Barbas, 1 Jacobsen, 2 and MacMillan, 3 organocatalyzed reactions have been studied through experimental techniques and theoretical methods to rationalize the stereochemical behavior of a great number of catalysts.
4 Among the others, Blackmond, List and Houk have extensively investigated the intra-and inter-molecular proline catalyzed aldol reactions of ketones and aldehydes. 5, 6 In particular, by using Reaction Progress Kinetic Analysis (RPKA), Blackmond et al. studied the proline catalyzed addition of acetone to 2-and 3-chlorobenzaldehyde, dening for the rst time the kinetic rate law of this important reaction.
5a-c Earlier, Houk and List provided the rst evidence of the reaction mechanism, which involves the stereoselectivity model commonly known as the Houk-List model. 6 Despite rst reports about proline catalysis going back to more than een years ago, new efforts are still ongoing from researchers in order to improve the knowledge about the nature of this kind of reaction and to better explain in detail some aspects of these transformations.
7
Here we report a study about the equilibrating nature of this reaction and about the inuence of such reversibility on its stereochemical outcome. Eventually, this study leads to the application of a multiple transition state approach for the rst quantitative computational rationalization of the observed yields, dr and ee.
Results and discussion
In this work, we focused our attention on the proline catalyzed addition of cyclohexanone 1 to several benzaldehydes 2a-2f (Scheme 1a). In particular, we wondered about the reversibility of these reactions accordingly with Scheme 1b. Indeed, NMR studies by Gschwind et al. 8 have clearly shown the time dependence of the syn : anti ratio of aldol 4 in the presence of (S)-proline 5 (Scheme 1c), which is a symptom of reversible processes.
By monitoring racemic anti ketols 3a, 3d and 3f in the presence of proline in DMSO-d 6 through 1 H NMR techniques, we observed the delivery of the corresponding aldehydes (see Table S1 , ESI † for additional details). In order to determine the dependence of the retro aldol reaction on the proline, we mixed racemic anti-3a with 5 (30 mol%) and cyclohexanone 1 (4 eq.) in DMSO-d 6 and the appearance of syn-3a was detected (Scheme 2). In particular, the CSP-HPLC analysis of the crude mixture aer 72 h revealed a 1 : 3 syn : anti ratio and 53% ee for the (R,S) enantiomer of anti-3a, proving a kinetic resolution of the racemic starting material (Scheme 2) as a clear indication of the reversibility of the reaction. The effect of this equilibration in the proline catalyzed aldol reaction has already been detected, 8 yet, it has never been studied in detail. Hence, in the present work, we will employ well-established methodologies, such as RPKA, LFERs (Linear Free Energy Relationships) and DFT computational methods to investigate this equilibrating phenomenon and rationalize its effect on the reaction outcome.
The RPKA approach, developed by Blackmond, represents one of the most powerful tools for the study of reaction mechanisms.
9 It has been also used for the clarication of the role of water in the proline catalyzed aldol reaction 5b and for the determination of the power rate law for the addition of acetone to 3-chlorobenzaldehyde.
5a Such a reaction was found to proceed up to complete conversion and it is very well described by the following equation:
Eqn (1) represents the current state of the art equation and it is an excellent description for aldol reactions that provide near complete conversions. Given the reaction of acetone with 3-chlorobenzaldehyde, a rate law that considers reversibility was not required in those cases, and the possibility of reverse reactions was not included in eqn (1) .
5a However, in our specic cases, eqn (1) cannot be applied straightforwardly due to the presence of a substantial retro aldol reaction.
This can be observed through the "graphical rate laws" reported in Fig. 1 . Fig. 1a shows the rate law for the electron poor aldehyde 2f. Fig. 1b is the same plot but for aldehyde 2c, which presents an intermediate reactivity, and Fig. 1c is for the poorly reactive aldehyde 2a. From a direct comparison of the three graphs, it is clear that the ability of eqn (1) to t the reaction progress fails as the reaction conversion decreases (see the black dashed lines in Fig. 1a -c for the data tting with eqn (1)).
This observation motivated us to improve eqn (1) into a new rate law that includes reversible processes.
To reach such a goal, we have chosen 1 H NMR as the analytical technique because it allows monitoring of the concentration of reagents and products, as well as diastereoselectivity, versus time. The reaction between cyclohexanone 1 and 4-chlorobenzaldehyde 2f was chosen as a benchmark reaction, since it provides higher reaction rates with respect to aldehydes 2a-2e. Firstly, a "same excess" 9 experiment was performed by running two reactions at different concentrations but with the same catalyst amount and the same excess of 1 with respect to 2f. This experiment highlighted the absence of catalyst deactivation in the presence of water 0.73 M (see Fig. S4 , ESI †), in accordance with previous observations by Pihko 5p,q and rationalization by Blackmond. M. Interestingly, we found that a good description of the reaction kinetics can be obtained only by considering the overall process that involves not only the forwards addition of enamine 6 to the aldehyde 2, but also the backwards aldol reaction that takes place by interaction of the catalyst 5 with the product 3 (Scheme 1b). Moreover, pre-equilibrium kinetics for the formation of enamine 6 was accounted for to rationalize the observed dependence of the reaction rate on [1] and
The observed rst order dependence of the retro aldol reaction on 3 was conrmed through additional RPKA experiments. Indeed, by monitoring the retro aldol reaction of 3a and by plotting the disappearance rate of 3a
, a linear dependence was observed. This behavior has been rationalized by assuming a large dissociation constant (k 2 /k À2 ) for 7 (see page S9, ESI †).
Eventually, we derived the following rate law and a detailed derivation of these equations can be found on pages S5-S9 of the ESI. †
It is important to note that eqn (2) represents an extension of the Blackmond's power law (1) , where the reversible process has been included. By putting k obs B equal to zero, eqn (1) is recovered. Eqn (2) allows us to reproduce the experimental reaction progress curves even for those aldehydes with lower reactivity (see Fig. 1a -c, red dashed lines).
Aer proving that eqn (2) provides a complete kinetic description of the catalytic system, we acquired reaction proles of the reactions involving aldehydes 2a-2f.
The presence of different substituents at the 3-or 4-position on the phenyl ring of the aldehyde are not expected to effect this aldol reaction via steric interactions. However, the modulation of the electron-withdrawing/electron-donating properties of such substituents can strongly affect the activation and the reactivity of the carbonyl moiety. Indeed, from the experimental plots reported in Fig. 1 , a strong dependence of the reaction's prole, and more surprisingly, of the nal reaction conversion on the aldehyde substituent is evident. In Fig The kinetics study hereby presented is evidence of the dependence of the reaction on the electronic properties of the substrate 2. Thus, for a better rationalization of these observations and to provide a quantitative analysis of the observed electronic effects, we looked at the Hammett equation.
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Indeed, while the dependence of both reaction rate and reaction conversion on the aldehyde's electronic properties has been qualitatively highlighted in Fig. 1 , a quantitative description can be provided by correlating the amounts ln(k X /k H ) and ln(K X /K H ) 11 against s + (the Hammett electrophilic constant 10d ). The plots obtained are reported in Fig. 2 , and demonstrate a good correlation. Here an intercept near to zero and an angular coefficient r of ca. 3 were found in both cases. This same dependence of DDG act (or ln(k X /k H )) and DD R G (or ln(K X /K H )) on s + suggests that the only variation in the energetic prole of the reaction is the relative energy level of the ground state reagents. Further support for this observation can be given by a direct comparison of the measured rate constants k F and k obs B (Fig. 2) : while k F strongly depends on the aldehyde's activation, k B presents a roughly constant value. This means that, intuitively, while different aryl rings affect the reactivity of the aldehyde's carbonyl group, they do not strongly affect the reactivity of the ketols' 3a-3f carbonyl group. In conclusion, increasing the reactivity of the aldehyde (i.e. by increasing its HOMO energy) affects both the rate constant k F and the equilibrium constant K.
Most information about the processes affecting a stereoselective chemical reaction can be found by monitoring the isomer distribution. The use of 1 H NMR as a detection technique for the obtainment of the reaction proles allows us to monitor the syn : anti ratio as a function of the reaction time.
Gschwind et al. already reported the epimerization of diastereomeric products in the proline catalyzed auto-addition of propionaldehyde (Scheme 1c).
8 For the present case, the syn : anti ratios of compounds 3a-3f are plotted against time in Fig. 3 . In the graphs the epimerization from the anti to the syn diastereoisomer for ketols 3b-3f is evident, where the syn : anti ratios change from ca. 40 : 60 to 58 : 42. Thus, the anti isomer is the kinetic product, as correctly predicted by the Houk-List model, 6 whereas the syn isomer is the thermodynamic one. The presence of epimerization is consistent with the retro aldol reaction, and once the reaction equilibrates, the dr will change from the kinetic towards the most stable thermodynamic product.
Interestingly, we found that ketol 3a exhibits a constant dr. We attribute this phenomenon to the very similar values of k F and k B for the aldol reaction of 2a (Fig. 2) . Indeed, since the forward and backward processes proceed with similar rates, the epimerization and the aldol addition occur simultaneously and at a comparable rate.
As expected, enantioselectivity is also affected by equilibration. The ee of the six monitored reactions have been evaluated aer 6 d of reaction and then aer 3 weeks. In Table 1 the obtained results are reported. From these data the following observations are summarized: (i) all the products are affected by racemization, (ii) products characterized by electron-donating groups usually lead to higher ee erosion, and (iii) anti diastereoisomers undergo faster racemization than syn ones.
Thus, the stereochemical analysis of the system supports the evidence of a substantial and specic equilibration in accordance with our preliminary experiments (Scheme 2) and kinetic analysis.
Since the observed equilibration has a strong effect on the stereochemical outcome of the reaction, we wondered whether this feature might be responsible for the missing computational rationalization of these reactions. Indeed, although many papers have been published 4,5e,i,j,n,o,6 that qualitatively rationalize the stereochemical outcome of intra and intermolecular proline catalyzed aldol reactions, the quantitative prediction of such a reaction outcome is still an open issue. Rzepa et al.
7a have recently revisited the proline catalyzed addition of 1 to aldehyde 2d in a comprehensive paper, where the inadequacy of DFT methods in the evaluation of the weak interactions occurring at the TS level is ascribed to be the main responsible factor of such limitations. One can resort to the Curtin-Hammett Principle (CHP), 12 which has been extensively employed in the determination of the stereoselectivity of organic reactions to better understand these reactions. However, it is well known that this approximation is applicable only if (i) rapidly interconverting reagents, such as conformers, are involved and (ii) the considered processes lead irreversibly to the products. 13 Hence, its application should be limited only to irreversible processes affording non-interconverting products. The experiments here reported have highlighted the equilibrating nature of the proline catalyzed aldol reaction. Given such dynamic nature, which depends on the electronic nature of the aldehyde, as shown in this study, traditional transition state approaches can no longer be applied.
Thus, in order to include both kinetics and thermodynamics in the description of the catalytic system, an alternative theoretical approach for the description of the reactivity is required. In particular, we propose that the reaction evolution can be obtained by integrating the rate law of the simplied reaction scheme reported in Scheme 3. More specically, by calculating the rate constants of Scheme 3a and by numerically integrating the system of differential equations reported in Scheme 3b, a time-dependent picture of product concentration is obtained. Scheme 3a is a simplication of the reaction based on the considerations that: (i) the inclusion of additional species that are in fast equilibrium with the considered compounds (such as water, oxazolidinones and iminium ions) is considered a higher order precision level of calculation, and that (ii) the considered species are the prevalent compounds that characterize the kinetics of the reaction in the presence of water, which is known to suppress side reactions ascribed to the catalyst's deactivation.
5b,c In addition, we indeed consider that water has a fundamental role, but its concentration is constant during the reaction. Hence, when considering the qualitative and relative behavior of different reactions involving different aldehydes under the same reaction conditions, it can be neglected. Finally, in Scheme 3b we consider enamine 6 both as a single conformer (s-trans) and as a mixture of two conformers (s-trans and s-cis), each one leading to a couple of product diastereoisomers and we found that this does not affect the nal outcome of the simulation.
14
The numerical resolution of complicated systems of differential equations is commonly known in the eld of chemical kinetics.
15 However, to the best of our knowledge, this is the rst time that it has been applied to the eld of organic computational chemistry as a tool for the simulation of stereoselective reaction outcomes, going beyond a static single transition state picture. It is important to recall that one can recover the CHP result as the time zero approximation of the present approach, while the innite time approximation represents the thermal distribution of reagents and products. Since, as just highlighted, both kinetics and thermodynamics play an important role in this reaction, it is important to nd a DFT functional capable of evaluating at best the D R G, the DG ‡ and the DDG ‡ values. We focused on the M06/2X functional, since Houk et al. 16 and Hubin and coworkers 17 showed that it gives the best thermodynamic description for this class of reactions. Aer a wide screening of several computational set ups, we identied M06-2X/6-311G(2d,2p) as the best compromise for fast and accurate computations of a huge number of structures. More than thirty computational set ups have been tested (Table S6 , ESI †) including B3LYP, CAM-B3LYP, mPW1PW91, wB97XD, M06, M06L, M06HF, M052X, BMK and LC-wPBE. Several polarizable continuum models for the inclusion of the solvent effect have also been tested, but these usually provided endorgonic proles (D R G > 0). Thus, the structures of the species depicted in Scheme 3a and the TSs connecting the involved processes have been computed for aldehydes 2a-2f, in compliance with the extended conformational analysis reported by Rzepa et al. 7a In Table 2 the calculated D R G values for both synand anti-3a-3f and the DG ‡ values for the pathway involving the favourite TS (leading to 3-SR) are reported for all the substrates.
From the values reported in Table 2 , it can be observed that computations are only partially able to predict the experimentally observed trend. Indeed, while 2a is correctly predicted to be the least reactive aldehyde (Table 2) , the other substrates were calculated to have roughly the same reactivity (Table 2) . However, a quite good description of D R G was found, since on increasing the electron-withdrawing character of the aldehyde substituent, the product stability becomes higher (with a few exceptions).
The rate constants required to obtain the system of differential equations in Scheme 3b, were calculated by means of transition state theory. scale when simulating these reactions which might be considerably shorter. Nevertheless, the simulations should in principle still maintain a good relative description of the reactions including the reversibility of the system, especially when compared with the simple TS analysis. The numerical integration of the equations in Scheme 3b, under adequate boundary conditions (in compliance with the experimentally used reagent concentrations), was performed by means of the ODE15s algorithm provided by MatLab suite of codes.
19 In Table 3 the results obtained with this Multiple Transition State Approach (MTSA) and with the CHP are reported for the reactions relative to aldehydes 2a-2f.
It is evident that the CHP provides only a poor qualitative agreement with the experimental data of Table 1 . Indeed, the dr is predicted in favor of the anti diastereoisomer and the enantioselectivity is always predicted to be higher than 97%, in accordance with the recent report by Rzepa et al.
7a (a discussion about the difficulty of the prediction of low levels of enantioselectivity can be found at page S14 of the ESI †). Moreover, no information about the reversibility of the process can be obtained.
When applying the MTSA, as expected (vide infra), the reaction times relative to the simulation are shorter than the corresponding experimental values. The evolution times of the kinetics equations were chosen in such a way that the selectivity of the rst reaction (Table 3) matched with the corresponding experimental data (Table 1) , that is ca. 30 h. Given the reaction time ratio of 6 d versus 21 d (experimental times of Table 1 ), the second measurement of the simulated reaction has been done at ca. 90/105 h ( Table 3 , entry 2). 20 The same reaction times have been selected for the other reactions in order to obtain a comparison between reactions characterized by different substrates. The conversions are well reproduced, and respect the activity/stability trend reported above (compare Tables 1   and 3 ). Most importantly, a correct qualitative description of the dr is obtained, since the syn diastereoisomer is predicted to be favored, especially when compared with the CHP results in the le columns of Table 3 . Analogously, the MTSA ee results are in good agreement with the experimental ones. These results are explained by the ability of the MTSA to take into account the equilibrating nature of the system, correctly predicting the erosion of the stereoselectivity. Moreover, the relative trends observed for the experimental results can be, in most cases, recognized also in the reported simulation outcomes: (i) all the products are affected by racemization, (ii) products characterized by electron-donating groups present higher ee erosion, and (iii) the anti diastereoisomers present faster racemization.
Conclusions
In conclusion, new mechanistic insight into the proline catalyzed aldol reaction is presented. RPKA has been used to prove the reversibility of the reaction and to obtain a rate law that integrates the previously reported power law by Blackmond et al. 5a by taking into account the reaction reversibility. This makes the obtained kinetics law applicable to a wider range of substrates, even when the reaction does not provide quantitative conversions. LFERs have been used to rationalize the dependence of the reaction rates and of the nal reaction conversion on the aldehyde activation. The analysis of the stereochemistry of the reaction has supported the evidence of the equilibrating process, which affects both diastereo-and enantioselectivity. This strong evidence makes the CHP unsuitable as a model for the computational rationalization of the experimentally observed stereochemical outcome and enabled us to introduce a MTSA for the elaboration of the computed energies that is based on the inclusion of both kinetics and thermodynamics in the description of the process. The use of this MTSA allowed us to computationally predict key features of the proline catalyzed aldol reaction and to compute realistic stereoselectivities for the rst time. 
